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Xenotropic murine leukemia virus-related virus (XMRV) is a new human gammaretrovirus identified in
prostate cancer tissue from patients homozygous for a reduced-activity variant of the antiviral enzyme RNase
L. Neither a casual relationship between XMRV infection and prostate cancer nor a mechanism of tumori-
genesis has been established. To determine the integration site preferences of XMRV and the potential risk of
proviral insertional mutagenesis, we carried out a genome-wide analysis of viral integration sites in the
prostate cell line DU145 after an acute XMRV infection and compared the integration site pattern of XMRV
with those found for murine leukemia virus and two human retroviruses, human immunodeficiency virus type
1 and human T-cell leukemia virus type 1. Among all retroviruses analyzed, XMRV has the strongest
preference for transcription start sites, CpG islands, DNase-hypersensitive sites, and gene-dense regions; all
are features frequently associated with structurally open transcription regulatory regions of a chromosome.
Analyses of XMRV integration sites in tissues from prostate cancer patients found a similar preference for the
aforementioned chromosomal features. Additionally, XMRV integration sites in cancer tissues were associated
with cancer breakpoints, common fragile sites, microRNA, and cancer-related genes, suggesting a selection
process that favors certain chromosomal integration sites. In both acutely infected cells and cancer tissues, no
common integration site was detected within or near proto-oncogenes or tumor suppressor genes. These results
are consistent with a model in which XMRV may contribute to tumorigenicity via a paracrine mechanism.

Prostate cancer is the most common noncutaneous cancer
diagnosed in men in developed countries and is responsible for
the deaths of approximately 30,000 men per year in the United
States (43). Despite its impact on male health, the molecular
mechanisms involved in the pathogenesis of prostate cancer,
particularly the events contributing to initiation and progres-
sion, remain relatively unknown in comparison with those for
other common cancers. Epidemiological studies of kindreds
with hereditary prostate cancer, who often display early-onset
disease and account for 9% of all cases (16), identified HPC1
as a susceptibility locus for prostate cancer (94). HPC1 is
linked to RNASEL, which encodes a regulated endoribonucle-
ase for single-stranded RNA and functions in the antiviral
action of interferon (IFN) (15, 17). In response to stimulation
by viral double-stranded RNA, IFN treatment of cells induces
a family of 2�-5� oligoadenylate synthetases that produce 2�-5�-
linked oligoadenylates, which then activate the latent and ubiq-
uitous protein RNase L, resulting in degradation of viral and
cellular RNA and apoptosis induction (112). Several germ line

variants of HPC1 and RNASEL have been observed in hered-
itary prostate cancer (91), including a common (35% allelic
frequency) missense variant of RNase L in which a G-to-A
transition at nucleotide position 1385 results in a Gln instead
of an Arg at amino acid position 462 (R462Q). The R462Q
RNase L variant has a threefold decrease in catalytic activity
compared with the wild-type enzyme (17, 109), and individuals
who are homozygous for the R462Q mutation (QQ) have a
twofold-increased risk of prostate cancer (17). However, addi-
tional genetic and epidemiological studies examining the role
of RNASEL as a prostate cancer susceptibility gene have pro-
vided mixed evidence, some confirmatory (80, 82, 89) and
others not (61, 74, 106), suggesting that either population dif-
ferences or environmental factors may modulate the impact of
RNASEL on prostate cancer formation.

The association of RNASEL mutations with prostate cancer
suggests that inherited defects of RNase L may enhance sus-
ceptibility to infectious agents, leading to tumorigenesis. Test-
ing this hypothesis led to the identification of a new human
retrovirus, xenotropic murine leukemia virus (MLV)-related
virus (XMRV), in prostate cancer patients with the QQ variant
of RNASEL (101). XMRV was detected in 40% (8 of 20) of the
prostate cancers from QQ patients, compared with 1.5%
among heterozygous (RQ) and wild-type (RR) patients (1 of
66). XMRV is 8,185 nucleotides in length, harbors no host-
derived oncogenes, and shares up to 95% overall nucleotide
sequence identity with known MLVs (101). A molecular clone
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of XMRV capable of infecting human prostate and nonpros-
tate cell lines has been constructed (28). Replication of the
cloned virus is sensitive to IFN-� inhibition, and RNase L is
required for a complete IFN antiviral response, both findings
consistent with the observation that XMRV is associated with
patients having the QQ genotype (28). Expression of the hu-
man cell surface receptor XPR1 (xenotropic and polytropic
retrovirus receptor 1) is required for XMRV infection, impli-
cating XPR1 as an XMRV receptor.

Retroviruses that do not carry oncogenes, such as avian
leukosis virus and Moloney MLV, usually induce tumors in
their susceptible host animals by proviral insertional mutagen-
esis, in which proto-oncogenes are activated via promoter or
enhancer insertion as a consequence of integrating the viral
DNA genome into the host cell chromosome (65). Previous
studies showed that most of the host genome is accessible for
retroviral integration but that target site selection is not ran-
dom (67, 86, 108). Furthermore, the viruses studied thus far for
their positions of integrated provirus in the human genome
show different patterns of target site preference and can be
divided into three groups (27, 67). Human immunodeficiency
virus type 1 (HIV-1), simian immunodeficiency virus, feline
immunodeficiency virus, and equine infectious anemia virus
form one group and share a common feature of integrating
predominantly within transcription units (25, 38, 45, 48, 86).
The second group comprises MLV, porcine endogenous ret-
rovirus, and foamy virus, and their integration favors transcrip-
tion start sites or CpG islands (67, 69, 73, 100, 108). The third
group consists of human T-cell leukemia virus type 1 (HTLV-
1), avian sarcoma-leukosis virus, and mouse mammary tumor
virus. They have the most random distribution of integration
sites and show only a slight preference for transcription units,
transcription start sites, or CpG islands (5, 27, 34, 67, 71). The
preference for transcription start sites may contribute to the
observation that MLV-based vectors are more prone to acti-
vate proto-oncogenes via insertional mutagenesis than HIV-
based vectors (3, 70, 88). Therefore, integration site preference
may have important significance for the potential impact of a
retrovirus on its host and the safety of retrovirus-based vectors
in gene therapy approaches. This concern is poignantly dem-
onstrated by the subsequent development of leukemia in three
children with X-linked severe combined immunodeficiency af-
ter an otherwise successful gene therapy trial by use of an
MLV-derived vector (36, 37). Analysis of leukemic cells from
two patients found integration of the vector in the 5� region of
the LMO2 oncogene.

The high frequency of XMRV detection in prostate cancer
from QQ patients and the validation of XMRV as a bona fide
human retrovirus (28, 101) raised the possibility that XMRV
might be involved in prostate cancer formation. If the initiation
and progression of prostate cancer are affected by the ability of
RNase L to suppress XMRV replication, the virus could con-
tribute to the geographical prevalence of the disease in devel-
oped countries. Involvement of a viral mechanism may also
partly explain the morphological and multifocal heterogene-
ities that distinguish prostate cancer from other common can-
cers. To determine the integration site preference of XMRV
and the potential risk of proviral insertional mutagenesis, we
carried out a genome-wide analysis of viral integration sites in
a prostate cell line after an acute XMRV infection. In com-

parison with that of MLV and two human retroviruses, HIV-1
and HTLV-1, integration of XMRV shows a strong preference
for transcription start sites, CpG islands, gene-dense regions,
and DNase-hypersensitive sites. In prostate cancer tissues, in
addition to the aforementioned chromosomal features,
XMRV integration sites are associated with frequent cancer
breakpoints, common fragile sites, microRNA (miRNA), and
cancer-related genes. These associations in prostate cancer
tissues may represent a selection event for particular XMRV
integration sites and suggest that XMRV may play a role in
prostate cancer development.

MATERIALS AND METHODS

XMRV infection. To isolate virus, plasmid VP62/pcDNA3.1(�) containing the
molecular clone of XMRV (28) was transfected into LNCaP cells with Lipo-
fectamine 2000 (Invitrogen), and the cell culture supernatants were harvested at
13 days after transfection and passed through a 0.2-�m filter. Virus infection was
performed with six-well plates by using DU145 cells plated 1 day before infec-
tion, and the complete RPMI 1640 medium was replaced with medium contain-
ing 100 �l of XMRV stock and 8 �g/ml polybrene and incubated for 3 h to allow
virus adsorption. The multiplicity of infection was estimated to be 0.1. Cells were
then washed once with phosphate-buffered saline, and fresh medium containing
10% fetal bovine serum was added to the cells. After 3 days of infection, the cells
were harvested and genomic DNA was isolated with a QIAamp DNA mini kit
(Qiagen), following the manufacturer’s instructions.

XMRV RNA and DNA determination by PCR. Peripheral zones from tumor-
bearing prostate tissues were frozen at the time of surgery and stored at �80°C.
RNA or DNA was isolated from frozen tissue by using Trizol (Invitrogen) or a
QIAamp DNA mini kit (Qiagen), respectively, following manufacturer’s instruc-
tions. XMRV gag sequences were detected using nested reverse transcriptase
PCR (RT-PCR), nested PCR, or quantitative RT-PCR. For nested RT-PCR, the
first-strand cDNA was synthesized with 1.5 �g of total RNA by using an iScript
Select cDNA synthesis kit (Bio-Rad) containing random hexamer oligonucleo-
tides as a primer. Nested PCR on cDNA (1/10 of the total) or on genomic DNA
(�0.5 �g) was performed with duplicates for the detection of gag sequences as
described previously, with modifications (the first round of PCR was at 52°C for
35 cycles; the second round of PCR was at 54°C for 35 cycles) (101). Platinum
Taq polymerase (Invitrogen) was used for nested PCR. Two-step quantitative
RT-PCR was performed with total RNA (1.5 �g) and the Q528R primer (28),
using the iScript Select cDNA synthesis kit. Applied Biosystems TaqMan uni-
versal PCR master mix was used for the quantitative PCR mixture, containing
900 nM each of Q445T and Q528R and 250 nM of TaqMan probe, and PCR was
performed with an Applied Biosystems 7500 instrument (28). Reaction mixtures
were incubated at 50°C for 2 min (for optimal AmpErase UNG activity), fol-
lowed by incubation at 95°C for 10 min (for deactivation of AmpErase UNG and
activation of AmpliTaq Gold). The cycling conditions were 50 cycles at 95°C for
15 s and 60°C for 1 min. Known copy numbers of XMRV RNA were used as
standards.

Cloning XMRV integration sites. The assay for determining XMRV integra-
tion sites in DU145 cells was similar to that described previously for HIV-1 (48).
Briefly, genomic DNA from XMRV-infected DU145 cells was digested with PstI,
which cuts once in the XMRV genome at nucleotide position 7150 and produces
on average 4-kbp DNA fragments. After digestion, DNA was denatured and
annealed with a biotinylated primer, bXMRV7550 (5�-biotin-ATCCTACTCTT
CGGACCCTGT), which is complementary to nucleotide positions 7550 to 7571
within the env gene, about 140 bp upstream of the right long terminal repeat
(LTR). The annealed primer was then extended using the PicoMaxx high-fidelity
PCR system (Stratagene) to produce biotinylated double-stranded DNA con-
taining the virus-human DNA junction region (Int-DNA). The Int-DNA was
isolated by binding to streptavidin-agarose Dynabeads (Dynal) and digested with
Taq�I (5�-T2CGA), a 4-bp cutter that does not cleave the vial DNA portion of
the Int-DNA and produces on average 250-bp DNA fragments. After digestion,
the Int-DNA was ligated with TaqLinker, which was prepared by annealing
BHLinkAl (5�-CGGATCCCGCATCATATCTCCAGGTGTGACAGTTT) with
TaqLinkS (5�-CACCTGGAGATATGATGCGGGATC). The TaqLinker con-
tains a 2-nucleotide 5� overhang (in bold type) complementary with the Taq�I-
digested Int-DNA. The linker-ligated Int-DNA was amplified by a two-step PCR.
The first PCR was carried out using primers XMRV8027F (5�-AACCAATCA
GCTCGCTTCTC) and Linker1 (5�-TAACTGTCACACCTGGAGATA) in a
final volume of 300 �l with 0.5 �M of each primer, 0.2 mM deoxynucleoside
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triphosphates, and 12 U Pfu DNA polymerase (Stratagene) under the following
conditions: 2 min of preincubation at 94°C, followed by 29 cycles at 94°C for 30 s,
58°C for 30 s, and 72°C for 4 min. The PCR product was purified using a PCR
purification kit (Qiagen) and was used as the template for the second PCR,
which used two nested primers, XMRV8147F (5�-CGGGTACCCGTGTTCCC
AATA) and Linker2 (5�-TAGATATGATGCGGGATCCG), which anneal
downstream of the XMRV8027F and Linker1 binding sites, respectively. The
conditions for the second PCR were identical to those for the first PCR, except
the second PCR was conducted with only 18 cycles. The second PCR product was
electrophoresed on a 1.5% agarose gel, and diffused bands between 200 bp and
2 kbp were extracted using a gel extraction kit (Qiagen). Extracted DNA was cloned
into a pCR-Blunt vector by using a Zero Blunt PCR cloning kit (Invitrogen).

Cloning of integration sites from human prostate cancer tissues was similar to
the procedure described earlier for DU145 cells, except that the virus-host DNA

junction was first subjected to linear amplification. This was necessary because
only �1% of prostate cells from homozygous QQ patients showed XMRV
infection (101). Ten micrograms of genomic DNA isolated from prostate pe-
ripheral zones (containing tumor cells) as described previously (28) was mixed
with 50 pM bXMRV7550, 0.2 mM deoxynucleoside triphosphates, and PicoMaxx
polymerase (Stratagene) under the following conditions: 3 min of preincubation
at 94°C, followed by 80 cycles at 94°C for 30 s, 58°C for 30 s, and 72°C for 4 min.
Two units of fresh PicoMaxx enzyme was added to the reaction mixture after 40
cycles. Biotinylated DNA was isolated from the PCR product by binding to 200
mg of streptavidin-agarose Dynabeads, and the remaining procedure was iden-
tical to that described earlier for XMRV-infected DU145 cells.

Sequence analysis and mapping integration sites. The sequence of the cloned
DNA was determined by dideoxy sequencing, and sequencing ambiguities were
resolved by repeated sequencing on both strands. The authenticity of the inte-

FIG. 1. Positions of XMRV integration sites in the human genome. The human chromosomes are shown numbered. Centromere locations are
denoted by chromosomal indentations. Sites of XMRV integration in DU145 cells are indicated as red vertical lines along the top, and XMRV
integration sites in prostate cancer tissues are indicated as blue “lollipops” on the bottom. Within each chromosome, the top bar shows the relative
densities of RefSeq genes, with higher gene-dense regions shown as a more intense cyan. The second bar shows the chromosome cytobands. The
third bar shows the cancer breakpoints, and the frequencies of breakpoints in different chromosomal regions are denoted by different colors (see
the key at the bottom right-hand corner). The green shading in the bottom bar denotes the locations of common fragile sites.
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gration site sequence was verified by the following criteria: (i) the sequence
contained both the XMRV LTR and the linker sequence, (ii) a match to the
human genome started after the end of the LTR (5�-. . .CA-3�) and ended with
the linker sequence, and (iii) the host DNA region (containing 20 or more
nucleotides) from the putative integration site sequence showed 96% or greater
identity to the human genomic sequence. The authenticated integration site
sequences were then mapped to the human genome hg18 (UCSC March 2006
freeze; NCBI build 36.1) by using the BLASTN program (http://www.ensembl
.org/index.html) or BLAT (UCSC; http://genome.ucsc.edu/). Transcription units
in the vicinity of the integration sites were identified using the RefSeq gene
database (NCBI Reference Sequence Project; http://www.ncbi.nih.gov/RefSeq/).
Similarities to repetitive sequences were analyzed as described previously (48).
All the genomic feature data sets were downloaded from the UCSC genome
database (http://genome.ucsc.edu/cgi-bin/hgTracks).

Statistical analysis of integration site sequences. To determine integration site
selection bias, a comparative set of 10,000 random positions in the human
genome were generated in silico by choosing random numbers between 1 and
3,093,120,360, which represents the total length of the 22 autosomal chromo-
somes plus the X and Y sex chromosomes. To test for differences in proportions,
we used r � c contingency table analysis (by Fisher’s exact test when individual
cell counts were small [	10] or by chi-square approximation). To test for equality
of distribution, we used the two-sample Kolmogorov-Smirnov test.

Nucleotide sequence accession numbers. The GenBank accession numbers for
integration site sequences from DU145 cells and prostate cancer tissues are
EU981292 to EU981799 and EU981800 to EU981813, respectively.

RESULTS

Mapping of XMRV integration sites in DU145 cells. Due to
the limited availability of XMRV-positive prostate cancer tis-
sues and the low number of XMRV-infected cells (101), a
genome-wide analysis of XMRV integration sites was first car-
ried out using a human prostate cancer cell line, DU145. The
cellular DNA of infected cells was isolated, and a linker liga-
tion-mediated PCR assay was used to specifically amplify host-
virus DNA junction sequences (48). We have used this assay
successfully to analyze XMRV integration sites in human tu-
mor tissue samples with a sensitivity of �1 copy/100 cells (28).
The amplified junction sequence was cloned and sequenced.
The authenticity of the sequence was then verified and the
location mapped to the human genome. We sequenced a total
of 508 authentic XMRV integration sites from DU145 cells,
and 472 of these sites were mapped to unique locations in the
human genome. Integration events were found in all 24 human
chromosomes (22 autosomes and the sex chromosomes X and
Y) (Fig. 1). The frequencies of integration of XMRV were
generally proportional to chromosome size, but the overall
frequency of XMRV integration into human chromosomes
was different from that of uniformly random integration (P 	
0.0001). Notably, chromosomes 1, 17, and 19 were significantly
overrepresented (P values of 0.0015, 0.0021, and 	0.0001, re-
spectively), while chromosomes 5, 13, and X were significantly
underrepresented (P 
 0.0081, 0.0099, and 0.0002, respec-
tively). Different integration frequencies among the different
human chromosomes have also been observed for other retro-

viruses (38, 55, 67, 71, 73, 86). Additionally, using the criteria
previously defined for integration hot spot (86), which is three
or more integrations within a 100-kbp region, we identified
four integration hot spots for XMRV (Table 1).

Association of integration sites with transcription units and
repetitive elements. Genome-wide analysis of integration sites
of several retroviruses showed that integration is not random,
and the association of integration sites with certain chromo-
somal features varies among different retroviruses. The distri-
bution of XMRV integration sites and their association with
chromosomal features were compared to levels for other ret-
roviruses as well as a random control that comprises 10,000
chromosomal sites randomly generated in silico. Since the
DU145 cell has not been used previously for analyzing inte-
gration site preference, the association of XMRV integration
sites with chromosomal features was compared to that for
other retroviruses by using published data sets generated from
primary cells or other cell lines (Table 2). We first determined
whether each XMRV integration site was associated with a
transcription unit and repetitive elements by using the Na-
tional Center for Biotechnology Information (NCBI) human
Reference Sequence (RefSeq) gene database and Repeat
Masker, respectively. The 24,837 RefSeq genes are curated on
the basis of known mRNA transcripts, which should avoid
computational bias associated with methods that rely on gene
prediction programs (79). Consistent with the published data
(27, 48, 67, 86, 108), our analysis showed that HIV-1 integra-
tion favored transcription units, while MLV and HTLV-1
showed modest preferences for genes (Table 3). Integration of
XMRV also favored transcription units, and the degree of
preference was significantly less than that for HIV-1 (P 	
0.0001) but indistinguishable from those for MLV and
HTLV-1 (P 
 0.0789 and 0.327, respectively). We also re-
peated the analysis by using Known Genes from the University
of California, Santa Cruz (UCSC), genome database as an-
other human gene annotation table, and a similar pattern was
observed for each virus (data not shown).

Besides transcription units, integration of many retroviruses,
including MLV, HIV-1, and HTLV-1, is preferred in regions
enriched with genes (27). For each integration site, we deter-

TABLE 1. Integration hotspots of XMRV

Chromosomal
region Integration site positions

7q36.1 151018217 151071783 151075248
8q11.21 49590648 49665683 49668524
19p13.2 7363696 7366399 7366635
20q11.22 33358459 33364040 33370664

TABLE 2. Integration site datasets used in this study

Data set
(no. of

integration
sites)

Cell type(s) Source or
reference GenBank accession no.

XMRV
(472)

DU145 This report EU981292 to EU981799

MLV
(1,026)

HeLa 108 AY515855 to AY516880

HIV-1
(3,716)

IMR-90,
PBMC

67 CL528773 to CL529239 and
CL529240 to CL529767

CEM 48 EF035624 to EF035928
SupT1 86 BH609398 to BH610086
H9, HeLa 108 AY516881 to AY517469
CD34� cell 100 DU799519 to DU800849

HTLV-1
(541)

HeLa 27 EF580177 to EF580913
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mined the number of RefSeq genes within �500 kbp of the site
(Table 3). The integration sites of all retroviruses analyzed had
an average gene density significantly higher than that of the
random control (4.1 genes). The highest gene density was seen
with XMRV integration sites, with an average of 9.2 genes.
MLV and HIV-1 also showed strong preferences for gene-
dense regions, with averages of 7.2 and 8.8 genes, respectively.
HTLV-1 integration sites had the lowest gene density, with an
average of 5.6 genes.

Integration of MLV also showed a weak tendency for favor-
ing active genes (67, 108). To examine the effect of transcrip-
tional activity on XMRV integration, the expression levels of
genes whose transcription start sites are closest to and within
10 kbp of an integration site were analyzed using transcrip-
tional profiling of DU145 cells (GSM133589; NCBI Gene Ex-
pression Omnibus). The results showed that the percentage of
XMRV integration increased proportionally with increasing
gene activity (P 
 0.013) (Fig. 2).

For repetitive elements, previous reports indicate that
HIV-1 favors the Alu repeats of the short interspersed nuclear

element family and disfavors L1 of the long interspersed nu-
clear element and LTR elements (48, 86). Our analysis showed
the same integration preference for HIV-1 (Table 3). Also, we
found that MLV disfavored L1, Alu repeats, and LTR ele-
ments, whereas HTLV-1 had no preference for Alu repeats
and LTR elements and disfavored L1. Like that of HIV-1,
integration of XMRV favored the Alu repeats and disfavored
L1 and LTR elements (Table 3). The different preferences of
retroviruses for repetitive elements may be partly related to the
differential distribution of the repeat sequences. In gene-rich
regions of the human genome, Alu repeats are enriched, while
L1 and LTR elements are scarce (52).

Integration frequency near and within transcription units.
Although integrations of MLV, HIV-1, and HTLV-1 all favor
transcription units, MLV and HTLV-1 integrate preferentially
near the start of transcriptional units, whereas HIV-1 inte-
grates throughout the entire length of the transcriptional re-
gion (27, 67, 86, 108). To examine the preference of XMRV
integration sites within and near transcription units, we nor-
malized the lengths of all RefSeq genes by dividing the genes
into 10 bins and dividing 40-kbp regions upstream and down-
stream of the genes into 5-kbp windows. The relative integra-
tion frequency was calculated by dividing the number of inte-
gration sites in each bin or window by that in the random
control (Fig. 3A). The preferences for integration of MLV,
HIV-1, and HTLV-1 into transcription units and intergenic
regions were consistent with previous reports (27, 67, 86, 108).
In comparison to those of the other retroviruses examined, the
integration pattern of XMRV was most similar to that of
MLV. The distribution curve for frequency of integration site
was bell shaped, with the peak centered near the transcription
start site (Fig. 3A).

To examine more closely the integration preferences of
XMRV and other retroviruses for transcription start sites, we
divided 12-kbp regions upstream and downstream of the tran-
scription sites of all RefSeq genes into 2-kbp windows and
determined the percentage of integration events in each 2-kbp
window (Fig. 3B). Of the retroviruses previously studied, MLV
had the highest preference for transcription start sites, with
19.9% of total integration sites found within �2 kbp of the
transcription start sites (versus 3.0% in the random control; P 	
0.0001). Compared to the random control, HTLV-1 showed a
modest preference (6.2%; P 	 0.0001) and HIV-1 had no

FIG. 2. Frequency of XMRV integration as a function of gene
activity. All the genes in the transcription profile data of DU145 cells
(GSM133589; NCBI Gene Expression Omnibus) were ranked by their
relative levels of expression and distributed into five “bins” according
to their levels of expression (x axis). The leftmost bin contains genes
with the lowest expression levels, and the rightmost bin contains those
with the highest. Genes whose transcription start sites were closest to
and within 10 kbp of the XMRV integration site (solid line) or the
random control (dotted line) were then distributed into the same bins
based on their expression levels and summed and the values expressed
as the percentages of all genes in the indicated bin (y axis). The
chi-square test was used to compare the trend to the null hypothesis of
no bias due to expression level (67).

TABLE 3. Genomic features associated with retroviral integration sitesa

Genomic featureb

% of integration sites near indicated genomic feature (P)c

Random
control XMRV MLV HIV-1 HTLV-1

RefSeq genes 34.8 50.4 (	0.0001) 45.4 (	0.0001) 72.1 (	0.0001) 47.5 (	0.0001)

Repeat elements
L1 (LINE) 16.3 7.0 (	0.0001) 7.1 (	0.0001) 14.3 (0.0107) 11.1 (0.0004)
Alu (SINE) 10.3 14.8 (0.0015) 6.2 (0.0001) 15.2 (	0.0001) 7.9 (0.0492)
LTR 8.1 3.8 (0.0008) 5.6 (0.0110) 4.0 (	0.0001) 6.2 (0.0848)

a The gene densities, or numbers of RefSeq genes within �500 kbp of the integration site, are as follows: for the random control, 4.1; for XMRV, 9.2; for MLV, 7.2;
for HIV-1, 8.8; and for HTLV-1, 5.6. The densities for XMRV, MLV, and HIV-1 were significantly different from that for the random control by Student’s t test (P 	
0.01).

b LINE, long interspersed nuclear element; SINE, short interspersed nuclear element.
c The percentages are relative to all sites in the data set. The P values (chi-square) are for comparison to the random control.
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preference (2.5%; P 
 0.774) for transcription start sites. No-
tably, 28.2% of the total integration sites of XMRV were
located within �2 kbp of the transcription start sites, and the
frequency was significantly higher than that of MLV (P 

0.0005).

Integration frequency near genomic features associated
with gene regulatory regions. The strong preference of XMRV
integration near transcription start sites prompted us to exam-
ine other genomic features that are frequently associated with
gene regulatory regions, such as CpG islands, DNase-hyper-
sensitive sites, and transcription factor-binding sites. CpG is-
lands are regions (at least 200 bp) rich in the CpG dinucleotide
and thought to be involved in transcription regulation of
nearby genes (9, 54). Previous results have shown that MLV
integration favors CpG islands, whereas HIV-1 disfavors CpG
islands, and HTLV-1 has no preference (27, 67, 86, 108). In our
analysis, it was evident that integration of both XMRV and
MLV strongly favored CpG islands (Fig. 4A). Within the �2-
kbp window of the CpG island midpoint, the percentages of
XMRV and MLV integration sites were 27.8% and 17.9%,
respectively. The preference of XMRV for CpG islands was
significantly stronger than that of MLV (P 	 0.0001). Com-

pared with the random control (3.2%), HIV-1 (2.5%; P 

0.0440) weakly disfavored CpG islands, whereas HTLV-1
(4.9%; P 
 0.0177) showed a moderate preference.

DNase-hypersensitive sites are believed to be a structurally
open region of chromatin associated with regulatory elements
and are enriched upstream of genes and near CpG islands (23,
24, 31). Previous studies found that, at short intervals (1 to 2
kbp), DNase-hypersensitive sites are preferred integration tar-
gets for MLV but not HIV-1 or HTLV-1 (6, 27, 58, 81, 102). To
examine the association between DNase-hypersensitive sites
and XMRV integration, we determined the percentages of
integration sites within �1 kbp of DNase-hypersensitive sites
(Fig. 4B). Similar to those for CpG islands, XMRV and MLV
integrations (15.5% and 8.5%, respectively) were significantly
higher (P 	 0.0001) near the DNase-hypersensitive site than
that of the random control (0.9%), while HIV-1 (0.8%; P 

0.583) and HTLV-1 (1.2%; P 
 0.424) integrations were not
significantly different from that of the random control. Be-
tween XMRV and MLV, the preference of XMRV for DNase-
hypersensitive sites was significantly stronger (P 	 0.0001).

FIG. 3. Integration site distribution of XMRV and other retrovi-
ruses. (A) Integration intensity within and near transcription units. All
RefSeq genes, demarcated by transcription start site (TSS) and tran-
scription termination (TT), were normalized to a common length and
then divided into 10 bins (shaded area) to allow comparison. Chromo-
somal regions up to a distance of 40 kbp upstream and downstream of
the transcription unit were divided into 5-kbp windows. The number of
integration sites in each bin or 5-kbp window was divided by the
number of random control sites in the same bin or window and the
value plotted. A value of 1 indicates no difference between the exper-
imental sites and the random control. (B) Integration frequency near
transcription start sites. Chromosomal regions within �12 kbp of the
RefSeq transcription start site were divided into 2-kbp windows.
The distance upstream of the TSS is denoted by the minus sign. The
numbers of integration sites of various retroviruses or random sites in
each 2-kbp window were determined and expressed as percentages of
the total integration sites.

FIG. 4. Integration frequencies of XMRV and other retroviruses
near CpG islands, DNase-hypersensitive sites, and transcription factor-
binding sites. (A) CpG islands. Chromosomal regions within �12 kbp
of the CpG island were divided into 2-kbp windows. The distance
upstream of the CpG island is denoted by the minus sign. The numbers
of integration sites of various retroviruses or random sites in each
2-kbp window were determined and expressed as percentages of the
total integration sites. (B) DNase-hypersensitive sites. Random sites or
integration sites of the indicated retroviruses within �1 kbp of DNase-
hypersensitive sites were determined and the values expressed as per-
centages of the total integration sites. (C) Transcription factor-binding
sites. Random sites or integration sites of the indicated retroviruses
within �1 kbp of known transcription factor-binding sites (NCBI) were
determined and the values expressed as percentages of the total inte-
gration sites.
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Retroviral integration targeting has also been linked to tran-
scription factors. For instance, binding sites for the AP-1 and
Bach1 transcription factors are enriched near MLV integration
sites (58), and HIV-1 integration site pattern is altered by the
absence or presence of the LEDGF/p75 transcription factor
(21, 90). We analyzed the frequencies of integration sites of
different retroviruses within �1 kbp of known transcription
factor-binding sites (Fig. 4C), and the percentages of integra-
tion sites for XMRV, MLV, HIV-1, and HTLV-1 were 62.1%,
68.0%, 51.1%, and 55.5%, respectively. All viruses showed a
significant preference for transcription factor-binding sites
compared to the random control (41.3%; P 	 0.0001). Statis-
tical analysis linking the preference of retroviral integration to
individual transcription factors was not possible, due to the
limited number of integration sites against a large array of
transcription factors. However, we did notice that the percent-
ages of XMRV integration sites within �1 kbp of the binding
sites for transcription factors Bach2, MZF-1, and NF-E2 p45
were five- to sixfold higher than those of the random control.

To better understand the preferences of XMRV integration
for transcription start sites, CpG islands, and DNase-hypersen-

sitive sites, we generated three data sets and constructed Venn
diagrams to examine their relationships (Fig. 5). One data set
contained integration sites within �2 kbp of transcription start
sites, one contained integration sites within 2 kbp of CpG
islands, and one contained integration sites within 1 kbp of
DNase-hypersensitive sites. For each data set representing one
genomic feature, we determined the extents of the presence of
the other two genomic features. As expected from the earlier
results (Fig. 4 and 5), the percentages of integration sites in the
three data sets for XMRV and MLV were high and accounted
for 23.7% and 16.4%, respectively, of the total integration
sites. These values were significantly higher (P 	 0.0001) than
those for the random control (4.5%), HIV-1 (3.9%), and
HTLV-1 (6.5%). The sums of overlap areas involving any two
or all three data sets for XMRV and MLV were 89.3% and
90.3%, respectively, of the total area, and were significantly
higher (P 	 0.0001) than those for the random control
(34.9%), HIV-1 (27.6%), and HTLV-1 (61.9%). The results
suggested that XMRV and MLV integrate preferentially into
chromosomal regions containing two or more of the following
genomic features: transcription start sites, CpG islands, and
DNase-hypersensitive sites.

Integration frequency within cancer breakpoints, within
common fragile sites, and near miRNAs. Since XMRV has a
strong link with RNASEL variant QQ in prostate cancer, we
also examined the associations of XMRV integration sites with
cancer cytogenetics and miRNA. The integration sites of
XMRV and other retroviruses were analyzed using the NCBI’s
Cancer Chromosomes database, which contains more than
160,000 chromosomal breakpoints involved in structural rear-
rangements of various neoplastic disorders (http://www.ncbi
.nlm.nih.gov/entrez?db
cancerchromosomes). The number of
cancer breakpoints within each of the 320 chromosome sub-
bands, as defined by the NCBI Genetics Review, was counted.
All the subbands were ranked according to the frequency of
breakpoints and divided into 10 bins, with each bin containing
approximately 32 subbands and representing approximately
1/10 of the genome size (Fig. 1 and 6A). The percentages of
integration sites of different retroviruses and the percentages
of RefSeq genes within the 10 breakpoint bins were then de-
termined (Fig. 6A). For the random control, the percentage of
integration sites in each of the 10 breakpoint bins was �10%,
representing a random distribution of sites into the 10 bins. For
breakpoint bins with frequencies of breakpoints ranging from
55 to 687, the percentages of retroviral integration sites were
largely similar to or less than those for the random control
(Fig. 6A). In the two bins with the highest breakpoint frequen-
cies (701 to 1,013 and 1,043 to 5,543), with the exception of
HTLV-1 (P 
 0.0525) in the bin with the highest breakpoint
frequency, the percentages of integration sites for all retrovi-
ruses tested were significantly higher than those for the ran-
dom control (P 	 0.0001). However, none of the retroviruses
tested had a percentage of integration sites significantly higher
than the percentage of the RefSeq genes in the corresponding
breakpoint bin, suggesting that the increase over the random
control was likely a result of the preference for transcription
units rather than breakpoints. A similar result was obtained
when the analysis was carried out using the Mitelman recur-
rent-breakpoint database (data not shown).

Fragile sites occur at specific chromosome locations and are

FIG. 5. Venn diagrams of the relationship among transcription
start sites, CpG islands, and DNase-hypersensitive sites in affecting
retroviral integration site preference. Red circles represent integration
sites within �2 kbp of transcription start sites (TSS), green circles
represent integration sites within �2 kbp of CpG islands (CpG), and
purple circles represent integration sites within �1 kbp of DNase-
hypersensitive sites (DH). The combined numbers of integration sites
in the three data sets for the random control, XMRV, MLV, HIV-1,
and HTLV-1 were 4.5%, 3.9%, 6.5%, 23.7%, and 16.4%, respectively,
of the total integration sites. Yellow, pink, and blue denote integration
sites that contain TSS and CpG, TSS and DH, and CpG and DH,
respectively. White denotes integration sites that contain TSS, CpG,
and DH. The percentage of overlap areas involving any two or all three
data sets is indicated at the top right corner of each panel.
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most commonly seen as nonrandom gaps or breaks during
mitosis when cells are exposed to specific chemical agents or
culture conditions. Depending on their frequency in the pop-
ulation and the tissue culture condition under which they are
expressed, fragile sites are classified into rare and common
types (30, 87). Rare fragile sites are familial and composed of
di- and trinucleotide repeats found in less than 5% of chro-
mosomes. Common fragile sites are normal components of
chromosome structure and probably occur on all chromo-
somes. The cytogenetic locations of 33 rare and 88 common
fragile sites are currently listed in the Human Genome Data-
base (http://www.ncbi.nlm.nih.gov/projects/mapview/). We an-
alyzed only common fragile sites since rare fragile sites are
considered to have little importance in cancer, whereas com-
mon fragile sites are frequently affected in cancer (30, 97). The
percentages of integration sites for different retroviruses and of
RefSeq genes within the common fragile sites were calculated.
Compared with that for the random control (20.5%), integration
of all retroviruses tested showed a preference for common fragile
sites (P 	 0.0001), �but none of the retroviruses had a per-
centage of integration significantly higher than the percentage
of RefSeq genes (25.0%) within the common fragile sites
(Fig. 6B).

Human miRNA genes are frequently located in fragile sites
and genomic regions involved in cancers (14). Additionally,
miRNAs are targets for chromosome deletion and exhibit high
frequencies of genomic alterations in humans (110). Altered
expression of miRNAs has been documented to occur in many

tumors, including prostate cancers (62, 78). We calculated the
percentages of integration of the various retroviruses within
�2 Mbp of miRNA genes and compared them with that for the
random control (27.5%) (Fig. 6C). The integration frequencies
of all retroviruses tested were significantly higher than that of
the random control (P 	 0.001) (Fig. 6C). However, as with
cancer breakpoints and common fragile sites, none of the ret-
roviruses tested had a percentage of integration higher than
the percentage of RefSeq genes within �2 Mbp of miRNA
genes (44.8%) (Fig. 6C).

Analysis of XMRV integration sites in human prostate can-
cers. We also cloned and sequenced XMRV integration sites
in prostate cancer tissues from nine different prostate cancer
patients. These prostate tissue samples were selected for inte-
gration site mapping based on the detection of XMRV gag
sequences by nested PCR, nested RT-PCR, or quantitative
RT-PCR (data not shown). The RNASEL genotype of one
prostate tissue sample, VP229, was the homozygous wild type
(RR), and those of the other eight samples were the homozy-
gous variant (QQ). From these patient samples, we cloned and
sequenced a total of 14 authentic integration sites, ranging
from 1 to 3 integration sites identified per positive patient
sample (Table 4). Each integration site was sequenced at least
twice in different experimental settings. The 14 integration
sites from patient samples were referred to as XMRV-prostate
cancer (XMRV-PC) to distinguish them from those obtained
from acute infection of DU145 cells. The chromosomal distri-
bution of the XMRV-PC integrations sites in the human ge-
nome was mostly unremarkable, except that three independent
integrations from three different patient samples were located
within 1.1 Mbp in the same cytoband, q22, on chromosome 16
(Fig. 1 and Table 4). No integration hot spot was found in this
region during acute infection of DU145 cells (Table 1).

We examined the chromosomal features associated with the
XMRV-PC integration sites and compared these features with
those determined earlier for DU145 cells during acute infec-
tion. We found that the percentages of XMRV-PC integration
sites associated with transcription units, transcription start
sites, CpG islands, DNase-hypersensitive sites, and transcrip-
tion factor-binding sites were not significantly different from
those of XMRV integration sites in DU145 cells (P values
ranging from 0.253 to �0.999) (Fig. 7). Compared with those
for the random control, XMRV-PC integration sites showed a
significant preference for transcription start sites, CpG islands,
and DNase-hypersensitive sites (P � 0.002) (Fig. 7). However,
due to the relatively small sample size, the percentages of
XMRV-PC integration sites associated with transcription units
and transcription factor-binding sites were not significantly
different from that of the random control (P 
 0.265 and 0.103,
respectively).

Many retroviruses cause cancer by activating proto-onco-
genes, and enhancer elements in the proviral LTR can influ-
ence gene expression over hundreds of kilobase pairs in dis-
tance and may possibly affect several genes at once (39, 56, 85).
We examined the identity of the nearest gene and the distance
from the nearest transcription start site (ranging from 0.2 to
96.8 kbp), the identities of the genes within �50 and 100 kbp,
and miRNA within �2 Mbp of each XMRV-PC integration
site (Table 4). Unlike results for the leukemia caused by an
MLV-derived vector (37), we did not identify a common proto-

FIG. 6. Integration frequencies of XMRV and other retroviruses
near cancer breakpoints, common fragile sites, and miRNA genes.
(A) Integration near cancer breakpoints. All the known cancer break-
points (NCBI Genetics Review) within each of the 320 chromosome
subbands were counted, and the subbands were ranked according to
the frequencies of breakpoints and divided into 10 bins (x axis). The
percentage of random sites, the percentage of RefSeq genes, and the
percentages of integration sites of different retroviruses within each of
the 10 breakpoint bins were then determined. (B) Common fragile
sites. The percentages of random sites, RefSeq genes, and integration
sites of the indicated retroviruses within common fragile sites (NCBI
Genome database) were calculated. (C) miRNA genes. The percent-
ages of random sites, RefSeq genes, and integration sites of the indi-
cated retroviruses within �2 Mbp of miRNA genes were calculated.
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oncogene or tumor suppressor associated with XMRV inte-
gration sites. However, 42.3% (11 of 26) and 34.5% (19 of 55)
of all the known genes within 50 kbp and 100 kbp, respectively,
of the integration sites matched the genes listed in the selected

cancer gene databases: the National Cancer Institute (NCI)
Cancer Gene Database (http://ncicb.nci.nih.gov/projects
/cgdcp), the Common Integration Site (CIS) in the Retrovirus
Tagged Cancer Gene Database (http://rtcgd.abcc.ncifcrf.gov)
(1), and the Affymetrix Human Cancer G110 Array. Out of the
14 proviruses in the tumor samples, 7 were located within a
transcription unit (the LCAT, APPBP2, STARD10, NFATc3,
CREB5, TMCO7, and PIK3C2B genes), with one integration
site in the first exon of the STARD10 gene, one in the last exon
of the LCAT gene, and the rest within introns. Among the
seven genes, the LCAT, STARD10, and PIK3C2B genes are
listed in the NCI Cancer Gene Database, NFATc3 is in both
the CIS and the Affymetrix Human Cancer G110 Array data-
bases, and CREB5 is in the Affymetrix Human Cancer G110
Array database. APPBP2 and PIK3C2B are associated with
androgen receptor signaling and the phosphatidylinositol 3-ki-
nase/Akt pathway, respectively, and may play a role during
prostate cancer development (47, 59, 111). Integration of the
XMRV genome within exons would undoubtedly disrupt the
coding sequence, but whether their insertions in exons or in-
trons may disrupt gene function and expression was not deter-
mined.

FIG. 7. Chromosomal features associated with XMRV integration
sites identified in human prostate cancers. A total of 14 authentic
XMRV integration sites from nine prostate cancer samples (XMRV-
PC, black bars) were sequenced and mapped. The percentages of
integration sites associated with the indicated chromosomal features
were determined. The percentages of random sites (blue bars) and
XMRV integration sites from DU145 cells (red bars) for each of the
indicated chromosomal features were also included for comparison.
CpG, CpG islands; DH, DNase-hypersensitive sites; TF, transcription
factor-binding sites; TSS, transcription start sites.

TABLE 4. Characteristics of XMRV integration sites identified in human prostate cancer tissues

Tissuea

Site of integration Gene(s) within indicated distance of integration site (distance kbp�)c,d

miRNA within �2 Mbp
of integration site

Common fragile
siteCytobandb Nucleotide

position �50 kbp �100 kbp

VP29 3p13� 73283567 FLJ10213 (90.1), PPP4R2

VP229 16q22.1† 66531394 PSMB10� (�3.1), LCAT�,
CTRL*, SLC12A4�,
PSKH1, DPEP3, DPEP2

NRN1L, EDC4*, DDX28,
DUS2L, NUTF2*,
THAP11, CENPT

mir-328 FRA16C

VP234 17q23.2e 55946474 APPBP2 (11.9) PPM1D�, C17orf64 mir-21

VP268 11q13.4† 72182279 STARD10� (0.2), ATG16L2,
FCHSD2#

CENTD2�, mir-139 FRA11H

16q22.1†e 66678692 NFATC3*# (1.8), DUS2L DOX28, DPEP2 mir-328 FRA16C
7p15.1e 28689605 CREB5* (�2.6) mir-196b

VP283 19p13.2† 11115762 SPC24 (11.7), ANKRD25,
LDLR*

LOC55908, DOCK6,
SMARCA4

mir-199a-1

3q29 198606680 DLG1 (�96.8) mir-570

VP338 12q13.11� 45110969 SLC38A2# (�58.2)

VP363 16q22.1† 67648746 HAS3 (�48.9), TMCO7 CTF8, CIRH1A mir-140 FRA16C

VP432 1q32.1� 202666825 PPPIR15B (�19.3),
PIK3C2B�

PLEKHA6, MDM4� mir-135b

6q21† 111385428 GTF3C6 (�1.0), BXDC1 AMD1* FRA6F

VP433 14q12 30803190 HECTD1* (�56.8),
HEATR5A

mir-624

15q22.31† 63070335 SPG21* (�1.0), MTFMT,
ANKDD1A

OSTbeta, RASL12,
LOC390594

mir-422a FRA15A

a All prostate tissues, except VP229, were from patients with the QQ variant of RNase L. The RNase L genotype of VP229 is the wild type (RR).
b Cytobands located within the regions with the highest frequency (1,043 to 5,543) of cancer breakpoints are denoted by †. Cytobands located within the regions with

the second-highest frequency (701 to 1,013) of cancer breakpoints are denoted by �.
c Genes are listed in the order of the distances between the transcription start site of the respective gene and the integration site. The distance in kilobase pairs of

the gene nearest to the integration site is indicated within the parenthesis, with “�” or “�” denoting that the integration site is upstream or downstream, respectively,
of the transcription start site. Genes hosting an integration site within the transcription unit are denoted by boldface.

d Genes listed in the NCI Cancer Gene Database are denoted by �. Genes listed in the Affymetrix Human Cancer G110 Array are denoted by *. Genes listed in the
CIS in the Retrovirus Tagged Cancer Gene Database are denoted by #.

e Integration sites reported previously by Dong et al. (28).

9972 KIM ET AL. J. VIROL.



Integration sites from prostate cancer tissues are associated
with cancer breakpoints, common fragile sites, and miRNAs.
As in acute infection, we analyzed the association between
XMRV-PC integration sites and cancer cytogenetics or
miRNA (Fig. 8). For cancer breakpoints, distribution of the
XMRV-PC integration sites was biased toward regions with
high breakpoint frequencies: 50.0% of XMRV-PC integration
sites were located in the bin with the highest frequency (1,043
to 5,543), and an additional 21.4% were in the bin with the
second-highest frequency (701 to 1,013) (Fig. 8A). Statistical
analysis of integration events in the bin with the highest break-
point frequency showed that the percentage of XMRV-PC
integration sites was significantly higher than that for the ran-
dom control (P 
 0.0013). However, due to the relatively small
sample size, the percentage of XMRV-PC integration sites was
not significantly different from that of the XMRV integration
sites from acutely infected cells (P 
 0.133).

Upon analysis for association with common fragile sites, we
found that three XMRV-PC integration sites were in FRA16C,
and one site each was in FRA6F, FRA11H, FRA15A, and
FRA19A (Fig. 8B). The percentage of XMRV-PC integration
sites in common fragile sites (43%) was significantly higher
than that for the random control (20.5%; P 
 0.049) and also
higher than but not statistically different from that of XMRV
integration sites in the cell line (26.5%; P 
 0.219).

In addition to cancer cytogenetics, the percentage of
XMRV-PC integration sites within �2 Mbp of miRNA genes
was analyzed (Fig. 8C). The percentage of XMRV-PC integra-
tion sites near miRNA was 78.6%, which was significantly
higher than those for the random control (27.5%; P 	 0.0001)
and XMRV integration sites from acutely infected cells
(42.6%; P 	 0.0114).

DISCUSSION

We carried out a genome-wide analysis of XMRV integra-
tion sites in a prostate cell line and prostate tumor samples to
determine the integration site preference of XMRV and to
assess the role of proviral insertional mutagenesis mediated by
XMRV infection in prostate cancer formation. In the prostate
cell line, XMRV integration is characterized by a strong pref-
erence for transcription start sites, CpG islands, and DNase-
hypersensitive sites, all features that are frequently associated
with structurally open transcription regulatory regions of a
chromosome. Integration of XMRV is also preferred in ac-
tively transcribed genes and gene-dense regions within the
chromosome. In accord with this observation, XMRV integra-
tion favors the Alu repeats, which are abundant in gene-rich
chromosomal domains, and disfavors L1 and LTR elements,
which are scarce in gene-rich regions of the genome (52, 104).

The mechanistic basis and determinants of target site selec-
tion during retroviral DNA integration are still not fully
known, but interactions between viral proteins and cellular
factors are likely involved (21, 90). HIV-1 integrase is a major
factor in controlling target site selection in vitro (4, 11, 40) and
has been implicated as a principal determinant of integration
specificity in vivo (58). The retroviruses studied thus far can be
divided into three groups according to their preferences for
transcription units and CpG islands (27, 67). Phylogenetic
analysis showed that the three types of retroviral integration
profiles correlate with the amino acid sequences of integrase
and the lengths of target site duplication (27), which presum-
ably correspond to the spacing on the target DNA between the
two viral DNA ends during integrative recombination cata-
lyzed by integrase (12). This correlation is consistent with the
idea that integrase is the major determinant of integration site
selection (27, 58). Based on integration site preference and the
sequence identity of integrase, XMRV is most suited in the
group that comprises MLV, porcine endogenous retrovirus,
and foamy virus (27, 69). In terms of host determinants, the
LEDGF/p75 transcription factor is a critical targeting factor
during HIV-1 integration (21, 90). Transcription factor-bind-
ing sites are also favored during XMRV integration, but the
involvement of a specific transcription factor for XMRV inte-
gration targeting cannot be ascertained at present. Further
experiments are needed to confirm the role of integrase and to
deduce the host determinants as well as the mechanisms re-
sponsible for the integration site preference observed for
XMRV.

Comparisons between XMRV and MLV integration in hu-
man cells indicated that XMRV has a stronger preference for
transcription start sites, CpG islands, DNase-hypersensitive
sites, and gene-dense regions. The quantitative difference be-
tween XMRV and MLV may be due to the uses of different
human cell lines (DU145 versus HeLa). However, analyses of
HIV-1 and MLV integration indicate little or no dependency
of site preference on cell types (41, 67). Alternatively, given
that XMRV has evolved as a xenotropic murine retrovirus in
the human population for some time and presumably has
adapted to replicate in human cells, XMRV may form different
interactions with human host factors than MLV even though
the two viruses share a high sequence identity. Compared with
that for HIV-based vectors, the higher integration preference

FIG. 8. Association of XMRV integration sites in prostate tumor
samples with cancer breakpoints, common fragile sites, and miRNA
genes. The percentages of random sites, XMRV integration sites
from the prostate cancer samples, and XMRV integration sites
from DU145 cells are represented by blue, black, and red bars,
respectively. (A) Cancer breakpoints. The 10 cancer breakpoint
bins were ranked as described in the legend to Fig. 6. (B) Common
fragile sites. (C) miRNA genes.
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of MLV toward transcription start sites and CpG islands has
been attributed as a factor contributing to the higher genotox-
icity observed with MLV-derived vectors (70). Among all ret-
roviruses analyzed, the finding that XMRV shows the strongest
preference for transcription start sites, gene-dense regions, and
other features associated with open, active chromosomal re-
gions suggests that XMRV integration may carry a significant
risk, and a direct assessment of the oncogenic potential of
XMRV infection is warranted.

In prostate tumor samples, analysis of XMRV integration
sites also showed a preference for transcription start sites, CpG
islands, and DNase-hypersensitive sites. Significantly, XMRV
integration sites in tumors are commonly found within cancer
breakpoints, within common fragile sites, and near miRNA
genes, features that are frequently linked with human cancers.
Cancer cytogenetics has been a powerful means to pinpoint the
locations of cancer-initiating genes, and acquired chromo-
somal changes have now been reported to occur in more than
50,000 cases across all main cancer types (http://cgap.nci.nih
.gov/Chromosomes/Mitelman) (50). Balanced chromosome re-
arrangements, particularly translocations, are strongly associ-
ated with distinct tumor entities and may represent an initial
event in oncogenesis (68). The common fragile site is another
cancer-associated genomic feature that is frequently altered in
non-virus-associated tumors (35). Both cancer breakpoints and
common fragile sites are preferential integration targets for
vector DNA, hepatitis B virus, and various DNA viruses, in-
cluding human papillomavirus, Epstein-Barr virus, simian virus
40, and adeno-associated virus. These integration events may
contribute significantly to the development of various types of
cancers by disrupting the normal activity of tumor suppressor
genes or proto-oncogenes in the vicinity (35, 46, 66, 76, 77,
105). In the SCID-X1 gene-therapy trial wherein two patients
received an MLV-derived vector and subsequently developed
leukemia via activation of the LMO2 oncogene (37), the two
integration sites targeted by the MLV-based vector reside
within FRA11E, a common fragile site known to correlate with
chromosomal breakpoints in tumors (7). Since XMRV inte-
gration in DU145 cells does not display a bias for cancer
breakpoints and common fragile sites, the high XMRV inte-
gration preference seen in tumor samples for genomic regions
with the highest frequencies of cancer breakpoints and com-
mon fragile sites is striking and likely represents a selection
process. The key question of whether these integrated provi-
ruses are an indirect consequence of genomic instability initi-
ated by other genetic lesions or perhaps have a direct role in
prostate carcinogenesis awaits further investigations.

Another remarkable finding is that three integration sites
identified in three different patient samples are located within
a 1.1-Mbp region in 16q22.1. Considering that analysis of this
region in acutely infected cells did not reveal an integration hot
spot or an increased frequency of integration than other
genomic regions with similar sizes and gene densities (data not
shown), the high percentage of integration sites located within
16q22.1 in the tumor samples is consistent with a selection
event. The cytoband 16q22.1 has been linked to many genetic
diseases (for examples, see references 42, 51, and 95), and
chromosomal deletion of this region is one of the most com-
mon and frequent genetic alterations found in many solid
tumors, especially breast and prostate cancers (2, 29, 72).

16q22.1 also overlaps with one of the aphidicolin-induced com-
mon fragile sites, FRA16C, and the normal allele of the rare
fragile site FRA16B that harbors AT-rich minisatellite repeats
(113). This region contains 115 RefSeq genes, many of these
associated with cancer. Among these genes, the CDH1 (E-
cadherin), DERPC (decreased expression in renal and prostate
cancer), NFATc3 (nuclear factor of activated T-cell, cytoplas-
mic, calcineurin-dependent 3), and HAS3 (hyaluronan syn-
thase 3) genes have been directly linked to prostate cancer
development (10, 57, 93, 96). Therefore, genetic instability in
this region may have an important contribution to prostate
cancer. An additional integration site of interest is in 6q21, a
frequently deleted region in prostate cancer (29). Two other
integration sites, one each located in 11q13.4 and 19p13.2, are
also in regions where high rates of chromosomal alterations
have been observed in breast and prostate cancers (19, 20, 44).

Although we did not detect any significant association be-
tween XMRV integration sites and any particular proto-onco-
gene or tumor suppressor gene, especially those implicated in
human prostate cancers, such as MYC and PTEN (26), high
percentages of cellular genes near the vicinities of the integra-
tion sites from prostate cancers matched with the genes listed
in the selected cancer gene databases (Table 4). Some of these
cancer-related genes, such as the CREB5 (107), NFATc3 (57),
PIK3C2� (47, 59), and MDM4 (99) genes, are tightly linked to
prostate cancer. Additionally, several other genes were identi-
fied to have potential roles in carcinogenesis but were not
listed in the selected cancer gene databases. These genes in-
clude the APPBP2 (111), HAS3 (92), DLG1 (53), and SPC24
(49) genes.

Many miRNA genes are also present within 2 Mbp of the
XMRV integration sites found in tumor samples. Aberrant
expression of miRNAs is involved in the initiation, progres-
sion, and metastasis of human cancer (13, 32, 60, 98). miR-21
and miR-199a-1, located near integrated XMRV in cancer
tissues, are significantly overexpressed in prostate cancer (103).
miR-21 is an antiapoptotic and prosurvival factor and can
directly modulate the expression of PTEN, a tumor suppressor
that is altered in various types of tumors, including prostate
(18, 64). miR-196b, another miRNA located near integrated
XMRV, has a strong association with estrogen regulation in an
adult zebrafish model (22). However, since miRNA genes are
closely associated with common fragile sites (14), we do not
know if the association between miRNA and XMRV integra-
tion sites may just be a consequence of XMRV’s preference for
common fragile sites or is due to specific interactions between
XMRV integration machinery and host cis or trans elements
near miRNA genes.

Although the causal relationship between XMRV infection
and prostate cancer has not been established, our comparative
analyses of XMRV integration site preference between acutely
infected cells and prostate cancer tissues are consistent with a
paracrine role for XMRV (63). This proposed mechanism is
based on our findings that XMRV integration sites in tumor
samples are associated with frequent cancer breakpoints, com-
mon fragile sites, miRNA, and cancer-related genes, but no
common integration site has been detected within or near
known proto-oncogenes or tumor suppressor genes. We hy-
pothesize that the integration preference of XMRV for the
regulatory region of transcriptionally active genes confers upon
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the virus a propensity to disrupt or alter gene expression, and
cells carrying proviral insertions that provide a selective advan-
tage or a favorable microenvironment for cancer initiation and
progression will then be enriched (8, 26). The postulated para-
crine mechanism is also consistent with the previous observa-
tion that XMRV is detected in only �1% of prostatic stromal
and hematopoietic cells rather than carcinoma cells (101). In
addition to insertional mutagenesis, we have not ruled out the
possibility that native proteins encoded by XMRV may have
transformation potential that can alter the growth properties
of infected or neighboring cells, as has been demonstrated by
some oncogenic retroviruses (33, 84).

Viruses have long been associated with cancers, and an es-
timated 20 to 25% of human cancers worldwide have known
viral etiologies (75). Altered expression of tumor suppressors
or proto-oncogenes induced by retrovirus integration is one
important cause of cancer induction in animal models (65).
Many viruses from the gammaretrovirus genus of the Retroviri-
dae family, such as MLV, feline leukemia virus, and koala
retrovirus, are responsible for leukemogenesis and other dis-
eases in their respective host species (83). However, until re-
cently, evidence of authentic infections of humans by gammaret-
roviruses was lacking, and therefore, human cancer formation
caused by such viruses has not been fully substantiated or char-
acterized. XMRV is an authentic human gammaretrovirus and is
associated with prostate cancer patients having defective RNase
L. Studies for determining the casual relationship of XMRV
infection to prostate cancer and the mechanism of oncogenesis
will significantly affect our appreciation of the role of viral infec-
tion in human cancers and has practical applications in identifying
viral or new cellular targets for cancer prevention and treatment.
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